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ABSTRACT Type 3 secretion systems (T3SS) are complex nanomachines that span
the cell envelope and play a central role in the biology of Gram-negative pathogens
and symbionts. In Pseudomonas aeruginosa, T3SS expression is strongly associated
with human disease severity and with mortality in murine acute pneumonia models.
Uniform exposure of isogenic cells to T3SS-activating signal results in heterogeneous
expression of this critical virulence trait. To understand the function of such diversity,
we measured the production of the T3SS master regulator ExsA and the expression
of T3SS genes using fluorescent reporters. We found that heterogeneous expression
of ExsA in the absence of activating signal generates a “primed” subpopulation of
cells that can rapidly induce T3SS gene expression in response to signal. T3SS
expression is accompanied by a reproductive trade-off as measured by increased di-
vision time of T3SS-expressing cells. Although T3SS-primed cells are a minority of
the population, they compose the majority of T3SS-expressing cells for several hours
following activation. The primed state therefore allows P. aeruginosa to maximize
reproductive fitness while maintaining the capacity to quickly express the T3SS. As
T3SS effectors can serve as shared public goods for nonproducing cells, this division
of labor benefits the population as a whole.

IMPORTANCE The expression of specific virulence traits is strongly associated with
Pseudomonas aeruginosa's success in establishing acute infections but is thought to
carry a cost for bacteria. Producing multiprotein secretion systems or motility organelles
is metabolically expensive and can target a cell for recognition by innate immune sys-
tem receptors that recognize structural components of the type 3 secretion system
(T3SS) or flagellum. These acute virulence factors are also negatively selected when P.
aeruginosa establishes chronic infections in the lung. We demonstrate a regulatory
mechanism by which only a minority subpopulation of genetically identical P. aerugi-
nosa cells is “primed” to respond to signals that turn on T3SS expression. This pheno-
typic heterogeneity allows the population to maximize the benefit of rapid T3SS effec-
tor production while maintaining a rapidly growing and nonexpressing reservoir of
cells that perpetuates this genotype within the population.

KEYWORDS Pseudomonas aeruginosa, type 3 secretion system, gene regulation,
lineage tracking, pathogenesis, phenotypic heterogeneity

lonal bacterial populations exhibit phenotypic heterogeneity (1, 2). Such variability
can allow populations to “bet-hedge” in the setting of unpredictable environmental
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variation (3) or create a “division of labor” that enables cooperative behaviors between
phenotypically diverse individuals (4). Phenotypic variation among pathogenic bacteria
can lead to “cooperative virulence,” with subsets of individuals producing goods (e.g., tox-
ins, proinflammatory molecules) that provide benefit to the group at substantial individ-
ual cost (5, 6). One well-described example of cooperative virulence is provided by
Salmonella enterica serovar Typhimurium (S. Typhimurium), a gastrointestinal pathogen
whose Salmonella pathogenicity island 1 (SPI-1) type 3 secretion system (T3SS) elicits a
proinflammatory host response that is necessary for S. Typhimurium to overcome coloni-
zation resistance and establish infection in the gut (7). Because cooperative behaviors can
be exploited by mutant “cheaters,” who benefit from shared goods without incurring pro-
duction costs, there is significant interest in understanding how cooperative behaviors
resist destabilization by the emergence of fast-growing cheaters. For S. Typhimurium, the
expression of SPI-1 by only a subpopulation of individuals during infection appears key
(5, 8). Genetically wild-type but phenotypically nonexpressing individuals can both com-
pete with SPI-1 mutants that might emerge during infection and maintain a population
of individuals capable of SPI-1 expression that is necessary for systemic infection and
transmission (9).

Pseudomonas aeruginosa is a human opportunistic pathogen whose expression of a
T3SS is significantly correlated with increased risk of acute infection, poor clinical out-
comes, and mortality in human and murine respiratory tract infections (10-12). Like S.
Typhimurium, clonal populations of P. aeruginosa bacteria are observed to express
T3SS proteins heterogeneously (13-18). Substrates of the T3SS include two bifunc-
tional Rho-family GTPase activating proteins (GAPs)/ADP ribosyl transferases (ADPRTs),
ExoS and ExoT; a phospholipase A,, ExoU; and a nucleotidyl cyclase, ExoY (19-21). The
ExoU cytotoxin, whose rapid production during acute respiratory tract infection pro-
tects P. aeruginosa from neutrophil-mediated clearance (22), can function as a shared
public good during infection. Otherwise avirulent T3SS-deficient P. aeruginosa can out-
compete coinfecting T3SS-expressing cells during acute infection of the murine lung,
benefiting in trans from ExoU-mediated killing of recruited neutrophils (14).

Although we do not know how heterogeneous T3SS expression is established in P.
aeruginosa, much is known about the transcriptional regulation of T3SS genes. ExsA, a
LysR/AraC family transcriptional activator, is required for T3SS gene expression; the
many convergent signals and pathways that regulate ExsA transcription, translation,
and protein activity have been recently reviewed (23). Binding of ExsA homodimers to
target promoters upregulates the expression of the 10 transcriptional units that
encode ~40 structural, regulatory, and effector proteins of the T3SS (24-26). ExsA posi-
tively regulates its own expression by binding to the promoter of the exsCEBA operon
(Poysc) (Fig. 1A); a second promoter (P.,.,) located in the intergenic region between
exsB and exsA is controlled by the cAMP-dependent transcription factor Vfr and gener-
ates a transcript encoding only ExsA (16, 27). ExsD, an antiactivator of ExsA, is encoded
within a separate operon immediately downstream of exsCEBA that is also regulated
by ExsA (28).

The ExsA, ExsD, ExsC, and ExsE proteins control T3SS expression in response to acti-
vating cues, such as the divalent cation chelator nitrilotriacetic acid (NTA). In the ab-
sence of these cues, ExsD sequesters ExsA and prevents DNA binding (28); ExsC and
ExsE likewise form a complex. When T3SS-activating signals or host cell contact causes
the T3SS apparatus to open, ExsE is secreted, allowing ExsC to bind ExsD (Fig. 1B) (18,
29). This in turn frees ExsA to dimerize and act on its target promoters (18, 30) (Fig. 1C).
The dual positive feedback loops present in this regulatory circuit—ExsA promotes
transcription of ExsC (an inhibitor of ExsD activity) as well as of itself—combine to form
a highly robust bistable switch that has been characterized in the heterologous host
Escherichia coli (31).

In this study, we examined how the unique regulatory cascade governing T3SS
expression in P. aeruginosa leads to phenotypic heterogeneity under uniform T3SS-
activating conditions in vitro. By simultaneously tracking expression of T3SS genes and
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FIG 1 The T3SS regulatory cascade. (A) The T3SS master regulator ExsA positively regulates its own
transcription by binding to the P, . promoter, which makes the polycistronic exsCEBA transcript. ExsA
also upregulates the expression of its own antiactivator, ExsD. A second promoter, P, drives
expression of exsA alone and is under positive regulation by Vfr-cAMP. (B) The exsECBA operon
encodes regulators that link T3SS gene expression to activation of type 3 secretion. Prior to
activation, ExstE sequesters ExsC, and ExsD binds to and inhibits ExsA from homodimerizing and
acting on its target promoters. When type 3 secretion is triggered, ExsE is secreted via the T3SS,
releasing ExsC. ExsD is then sequestered by ExsC, and ExsA is free to act on its target promoters and
fully upregulate T3SS expression. Note that an intact and functional T3SS apparatus must be present
in order to activate the cascade and upregulate T3SS expression. (C) ExsA dimerizes and binds to
target promoters in its regulon, upregulating expression of T3SS apparatus genes and effector
proteins in addition to the exsCEBA operon.

the positive regulator ExsA at the single-cell level, we describe when heterogeneity is
established and how it affects fitness and virulence of P. aeruginosa.

RESULTS

P. aeruginosa exhibits phenotypic heterogeneity of T3SS expression during
planktonic growth in T3SS-activating conditions. Transcription of the gene encod-
ing the ExoT T3SS effector is strongly induced when P. aeruginosa is exposed to tissue
culture cells or medium containing a divalent chelator, such as MinS+NTA (MinS me-
dium plus 10 mM NTA) (32, 33). We took advantage of this to construct a sensitive
T3SS transcriptional reporter coupled to superfolder green fluorescent protein (GFP)
(Peyor-SfGFP) expression, which was integrated into the chromosomal attB site of PA14
wild-type, AexsA, and AexsD bacteria (Fig. S1). Expression of sfGFP in wild-type bacteria
required growth in T3SS-activating medium, as no fluorescence was observed when cells
were cultured in MinS+Ca (MinS medium plus 5 mM CaCl,) for =8h (Fig. S1A). sfGFP
expression was not observed in AexsA bacteria grown in T3SS-activating medium
(MinS+NTA) (Fig. S1B), while AexsD cells were uniformly fluorescent under both T3SS-
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FIG 2 P. aeruginosa expresses T3SS genes heterogeneously in response to activating signal. (A) Both
T3SS-ON and T3SS-OFF cells are present after growth of PA14 P, -sfGFP for 8 h in T3SS-activating
medium (MinS + 10 mM NTA) under planktonic conditions. (B) A mixed Gaussian model fit to GFP
mean fluorescence intensity (MFI) of PA14 P, ;-sfGFP cells is consistent with a bimodal population
(n=2,292 cells). (C) Phase and GFP fluorescence still images at t=6 h from representative ON, OFF,
and mixed microcolony time-lapse movies. (D) Cumulative probability distribution of GFP MFI at t=6
h is graphed for microcolonies in panel C. The threshold (black line) defines the decision boundary
between T3SS-ON and T3SS-OFF as defined by positive (AexsD) and negative (AexsA) controls. (E and
F) Three types of microcolonies are identified by single-cell lineage tracing of PA14 P, .-sfGFP
microcolonies arising from single cells grown for 6 h on agarose pads containing activating signal.
The lineage traces shown correspond to colonies in panel C as follows: ON and OFF in panel E and
mixed in panel F.

activating and -nonactivating (MinS+Ca) conditions (Fig. S1C). Both fluorescent and
nonfluorescent cells were observed throughout an 8-h experiment when wild-type
bacteria were cultured under T3SS-activating conditions and sampled for micros-
copy every 2 h (Fig. 2A). A mixed Gaussian could be fitted to the histogram of GFP
mean fluorescence intensity (Fig. 2B), consistent with the presence of a bimodal
population of phenotypically T3SS-expressing and -nonexpressing bacteria. The
presence of both GFP-negative and -positive bacteria under T3SS-activating growth
conditions was likewise observed using a second reporter that coupled sfGFP
expression to the exoU promoter, P, ,-sfGFP, in three additional lab strains (PAOT,
PAK, and PA103) (Fig. S2).

These experiments demonstrated that both T3SS-expressing and -nonexpressing
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bacteria were present within a clonal population exposed to uniform T3SS-activating
signals but gave no insight about an individual cell’s history or trajectory of T3SS
expression. We therefore developed a time-lapse method to trace the fate of individual
cells inoculated from non-T3SS-activating medium onto an agarose pad that contained
the activating signal. Both phase and fluorescence images of cells were obtained every
15 min over a period of 6 to 8h. Single wild-type cells (PA14 P, .-sfGFP) gave rise to
three types of microcolonies, in which daughter cells were all brightly fluorescent, all
dimly fluorescent, or consisted of a mixture of both GFP-bright and GFP-dim cells at
the end of a 6- to 8-h time-lapse imaging series (Fig. 2C, Movie S1). We used the con-
trol strains AexsA P.-SfGFP (T3SS-negative) and AexsD P, .-sfGFP (constitutively
T3SS-positive) to define a fluorescence threshold at which cells had a 50% chance of
being T3SS-positive. When wild-type cells crossed this threshold during a time-lapse
experiment, they were classified as “T3SS-ON”; if their fluorescence was below this
threshold, they were classified as “T3SS-OFF” (Fig. S3). Microcolonies were scored
according to the proportion of T3SS-ON cells they had at the end of a 6-h time-lapse
experiment; colonies with >95% T3SS-ON cells were scored as ON, those with <5%
T3SS-ON cells were scored as OFF, and all others with an intermediate proportion of
T3SS-ON cells were scored as mixed (Fig. 2D).

By tracking GFP mean fluorescence intensity (MFI) for individual cells and their
progeny over time, we observed distinct trajectories of T3SS expression for ON, OFF,
and mixed microcolonies (Fig. 2E). Overall, cells for which we measured GFP fluores-
cence above background demonstrated a monotonic increase in GFP MFI over time. A
small number of cells quickly became GFP-positive when exposed to T3SS-activating
conditions, and their daughters maintained this phenotype; these founder cells gave
rise to ON microcolonies (Fig. 2E, red lineage tracing). Cells within mixed microcolonies
showed delayed expression of GFP; T3SS-ON cells arose throughout the time-lapse
imaging experiments and were observed to yield T35S-ON daughters. Lastly, OFF colo-
nies arose from T3SS-OFF cells whose progeny remained nonfluorescent despite expo-
sure to T3SS-activating conditions. The trajectory of ON colonies, which appeared to
arise from cells uniquely capable of an immediate response to T3SS-activating signals,
prompted us to examine whether the expression of T3SS genes or proteins differed
among cells before they were exposed to T3SS-activating conditions.

ON microcolonies are derived from “primed” mother cells. The regulatory cas-
cade that leads to T3SS gene expression begins with the secretion of ExsE through the
T3SS, which frees ExsC to sequester ExsD and thereby relieve ExsA repression (18, 30).
This mechanism, however, implies that a cell must already have a functional T3SS ap-
paratus in order to respond to T3SS-activating signals. We hypothesized that individual
bacteria whose sfGFP fluorescence rapidly increased might be such cells, “primed” to
respond to activating signals by virtue of prior ExsA expression and T3SS apparatus as-
sembly. We therefore constructed a second reporter to measure ExsA expression by
inserting an ribosome binding site (RBS)-mTagRFP-t cassette into the chromosome im-
mediately after the exsA gene. PA14 carrying both P_-sfGFP and exsA-mTagRFP-t
reporters (“dual reporter”) was imaged under T3SS-nonactivating conditions, using lon-
ger exposure times to capture an extended dynamic range of fluorescence signals. The
distributions of red fluorescent protein (RFP) and GFP MFI in these cells were skewed;
we observed a tail of RFP-bright cells under these conditions, as well as some cells
with increased GFP fluorescence (Fig. 3A and B). When we carried out time-lapse imag-
ing of the PA14 dual reporter strain under these calcium-replete (T3SS nonactivating)
conditions, we observed that all microcolonies remained GFP-dim (i.e., below the T3SS-
ON threshold) after 6 h of induction, but some contained RFP-bright bacteria (Movie
S2). Thus, it appeared that some cells had expressed ExsA even in the absence of T3SS-
activating signals.

We next carried out time-lapse imaging of the dual-reporter strain, tracking individ-
ual “mother” cells inoculated from nonactivating cultures onto agar pads containing
T3SS-activating signals (Movie S3). We again observed that single cells gave rise to ON,
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FIG 3 “ON” microcolonies descend from “primed” cells. (A) PA14 dual reporter P, -sfGFP/exsA-mTagRFP-t
were grown in T3SS-nonactivating conditions for 4 h prior to imaging at the time of transfer (t=0 h) to
agarose pads containing activating signal. White arrows indicate individual cells with greater GFP and RFP MFI
than the population average. (B) Distributions of GFP and RFP MFI at t=0 h; dashed black vertical lines indicate
an MFI value two standard deviations (SD) above the population mean (n=2,435 cells). The mean GFP MFI was

(Continued on next page)
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OFF, or mixed microcolonies, as defined above by the proportion of T35SS-ON (GFP+)
cells. We plotted the RFP and GFP MFI of each mother cell at time O (intensity [t =0 h])
against the proportion of T3SS-ON cells in the microcolony derived from that cell at
hour 6 (Fig. 3C and D). The initial RFP MFI of mother cells that gave rise to ON colonies
was significantly greater than that measured for mother cells which gave rise to mixed
or OFF colonies (Fig. 3D); the initial GFP MFI of these mother cells also differed from
those yielding mixed or OFF colonies. Mother cells that gave rise to mixed versus OFF
colonies, however, had initial RFP and GFP MFI that were indistinguishable from each
other. In aggregate, these observations suggested that a subpopulation of P. aerugi-
nosa cells express ExsA in the absence of T3SS-activating signals and that these cells
are “primed” to respond rapidly to T3SS-activating signals by upregulating the tran-
scription of T3SS genes.

ExsA expression in individual cells is temporally linked with the switch from
the T3SS-OFF to T3SS-ON state. In time-lapse images of dual-reporter mixed micro-
colonies, bacteria show de novo RFP and GFP fluorescence during growth on T3SS-acti-
vating agarose pads. We observed that an increase in RFP MFl—a marker of ExsA tran-
scription/translation—consistently preceded the increase in GFP MFl—a marker of
T3SS gene induction—within any given cell’s lineage and decided to investigate this
relationship further. Time-lapse series of 19 mixed phenotype microcolonies of the
PA14 dual reporter P, -sfGFP/exsA-RBS-mTagRFP-t strain were lineage tracked for 6 h
after inoculation to MinS-NTA agarose pads. MFI values within each lineage were nor-
malized by the initial GFP or RFP MFI value measured for the mother cell, yielding the
fold change in fluorescence intensity as a function of time. Change point analysis was
applied to the normalized GFP and RFP trajectories of each cell that crossed the fluo-
rescence threshold defining T3SS-ON by the end of the 6-h experiment. We deter-
mined the times at which the RFP and GFP trajectories showed a significant inflection
and plotted the difference in those times for each cell lineage (Fig. 4A to C). The RFP
fluorescence inflection point occurred on average 1.2 frames (18 = 2.9 min) earlier than
that for GFP fluorescence (two-tailed Student’s t test, P<10~'2). mTagRFP-t matures
more slowly than sfGFP when expressed in E. coli (34); we thought it likely that this
would also be the case in P. aeruginosa. In order to determine the mean delay between
expression of ExsA/mTagRFP-t and sfGFP, we cloned each fluorescent protein’s gene
under the control of an inducible tac promoter and measured maturation time in P.
aeruginosa following the method of Hebisch et al., in which fluorescence intensity is
monitored after the addition of chloramphenicol to stop de novo protein translation
(35). We calculated the maturation time for sfGFP to be 15.3 min (confidence interval
[CI], 10 to 32 min) and that for mTagRFP-t to be 87.1 min (Cl, 72.8 to 108 min) (Fig. S4).
When these sfGFP and mTagRFP-t maturation times are taken into account, the mean
lag time between ExsA and P, expression is ~89 min (Fig. 4D). This delay may reflect
molecular events that occur between initial ExsA expression (e.g., expression of T3SS
proteins necessary to assemble a secretion-competent apparatus) and the full upregu-
lation of T3SS expression once ExsE is secreted and ExsD inhibition of ExsA is relieved.

T3SS-expressing cells divide more slowly. In S. Typhimurium, T3SS expression car-
ries a fitness cost in vitro (36), an observation that was extrapolated to the growth of
T3SS-expressing cells in vivo (8). In our time-lapse experiments, we observed that ON
microcolonies contained fewer cells (median, 38; range, 24 to 65) after 6 h of growth
on T3SS-activating agarose pads than either OFF (median, 64; range, 30 to 123) or

FIG 3 Legend (Continued)

394 AU (median, 383.5) with an SD of 149.4. The mean RFP MFI was 79.5 AU (median 53.6) with an SD of 97.8.
The proportion of cells with GFP or RFP MFIs more than 2 SD above the mean was 3.6% and 4.4%,
respectively. (C) GFP and RFP MFIs of PA14 P, .-sfGFP/exsA-mTagRFP-t mother cells at t=0 h versus the
proportion of T3SS-ON cells at t=6 h in the derived microcolony (n=99). (D) Box and whisker plots show the
GFP and RFP MFI (t=0 h) of individual mother cells yielding ON, OFF, and mixed microcolonies. MFls were
compared between groups using the Kolmogorov-Smirnov test. The RFP MFI of ON mother cells differed
significantly from that measured for cells giving rise to either Mixed (P=0.0001) or OFF microcolonies

(P <0.0001); the GFP MFI differed significantly only between ON versus OFF mother cells (P=0.0032).
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FIG 4 A stereotypical delay relates ExsA and T3SS expression. Change-point analysis was applied to
the log-fold change of normalized RFP and GFP trajectories of mixed colony cells that became T3SS-
ON by t=6 h (n=6,466 trajectories). (A and B) An example of change point identification for a single
cell's RFP (A) and GFP (B) channels (g and 7). (C) RFP change points were subtracted from GFP
change points to obtain lag times (7.,s). (D) Distribution of lag times adjusted for fluorophore
maturation times (Fig. S4); the mean = SD lag time is 89 = 2.9 min.

mixed colonies (median, 63; range, 50 to 128). We hypothesized that this might reflect
a longer time to division in cells expressing T3SS genes and tested this by directly
measuring the duration of a cell’s lifetime—from birth to the following cell division—
as a function of its median GFP and RFP intensity during that time. This analysis was car-
ried out for all mixed microcolonies, in which both T3SS-OFF and T3SS-ON cells were
present for lineage tracing (Fig. 5C). A total of 2,492 individual cells’ lifetimes were meas-
ured; the initial mother cell and all cells present in the final time-lapse frame were
excluded since their full lifetimes could not be traced to completion. We observed that
the longest lifetimes (75 or 90 min) were measured for cells with the highest GFP MFI,
while shorter lifetimes (30 to 60 min) were measured for cells whose GFP MFI was below
the threshold for “T3SS-ON.” A similar trend was observed for RFP MFI, with the brightest
cells also being those with the longest lifetimes.

We also performed lineage tracking for all cells within 5 ON and 5 OFF microcolo-
nies, again measuring time to division and mean GFP and RFP MFIs for each cell. The
distribution of division times differed between ON microcolonies (60.8% of cells with
division times of =60 min) and OFF microcolonies (34.1% of cells with division times
of =60 min) (Fig. 5A and B). We confirmed that the introduction of the fluorescent
reporters did not slow growth of the parental PA14 wild-type (WT) strain in T3SS-acti-
vating media (Fig. S5), suggesting that the single-cell growth differences measured on
agarose pads reflect the behavior of reporter-less T355-ON and T3SS-OFF cells. We also
observed slower growth of AexsD bacterial cultures, in which T3SS expression is consti-
tutive, than that of T3SS-negative AexsA cultures in the absence of a T3SS activating
signal, again correlating T3SS expression with slower growth (Fig. S5).

The majority of T3SS-expressing cells arise from primed cells. T3SS-ON cells
divide more slowly, indicating that T3SS expression is correlated with a fitness cost.
Our analysis of mixed microcolonies, with cells whose sequential acquisition of RFP
and GFP fluorescence we observed, also indicates that a significant amount of time
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FIG 5 T3SS expression decreases P. aeruginosa fitness. PA14 P, .-sfGFP/exsA-mTagRFP-t were lineage
traced over 6 h following exposure to T3SS activating signal. Division time was defined as the time
from observed birth frame to division frame, excluding cells present in the first and last frames of a
time-lapse series. The median RFP and GFP MFI were determined for each cell between its birth and
division. (A to C) The distribution of median RFP and GFP MFI as a function of division time is plotted
for cells in (A) OFF microcolonies (n=617 events), (B) ON microcolonies (n=394 events), and (C)
mixed microcolonies (n=2,492 events). Points show the mean = SD of MFI for cells with that division
time; the dotted line in the GFP MFI plots shows the threshold used to define T3SS-ON cells. For
each panel, histogram insets show the distribution of division times (min) for T3SS-OFF, T3SS-ON, and
mixed cells.

elapses between de novo expression of ExsA and strong induction of T3SS genes. We
therefore asked whether the existence of a primed subpopulation allows P. aeruginosa
to rapidly generate T3SS-ON cells in response to an activating signal while maintaining
a reservoir of more rapidly dividing T3SS-OFF cells that continue to stochastically gen-
erate primed cells. To answer this question, we measured the number and phenotype
(T3SS-ON or -OFF) of cells at 2, 4, and 6 h of growth in T3SS-activating conditions, over
99 time-lapse movies. For this analysis, “primed” mother cells were defined as those
whose RFP MFI was greater than the stepwise cutoff of 140 (AU) at time 0 that sepa-
rated mother cells yielding ON versus OFF colonies (Fig. 3C).

At hour 0, only 9.3% of the population met this RFP-based definition of a primed
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FIG 6 T3SS-ON cells initially arise from primed mother cells. PA14 P, -sfGFP/exsA- mTagRFP-t cells
inoculated to T3SS-activating agarose pads were defined as “primed” or “not primed” based on an
RFP MFI of >140 AU or <140 AU, respectively, at t=0 h (see Fig. 3C). The GFP MFI for descendants of
each mother cell was measured at 2 h, 4 h, and 6 h, allowing descendants to be classified as T3SS-
OFF (“OFF") or T3SS-ON (“ON”) at each of these times. (A) Fraction of total cells classified as “not
primed” — T3SS-ON versus “primed” — T3SS-ON. (B) Number of cells classified as “not primed” —
T3SS-OFF, “not primed” — T3SS-ON or “primed” — T3SS-ON at each time point (n=6,502 cells in 99
microcolonies).

cell; these cells also had GFP MFIs that were below the T3SS-ON/OFF threshold. At
hour 2 and hour 4, the descendants of this primed subpopulation made up 95.6% and
69.2% of the total T3SS-ON population (Fig. 6). By hour 6, the progeny of the primed
cells made up only 6.15% of the total population but accounted for 47.6% of all T3SS-
ON cells. The remainder of the T3SS-ON cells were descended from cells that expressed
ExsA de novo; their progeny made up an increasingly greater proportion of the T3SS-
ON population at later times (52.4% by hour 6). Thus, primed cells, though a small frac-
tion of the initial population, generated most of the cells that could quickly express
T3SS genes upon exposure to an activating signal.

DISCUSSION

The nonuniform expression of virulence factors by pathogenic bacteria, whose collab-
orative activities result in successful infection, has been referred to as “cooperative viru-
lence” (6). When their fitness cost is high, cooperative behaviors can be exploited by
cheaters, i.e,, individuals who benefit from these shared resources or behaviors without
bearing the cost of their production (4). Such a dynamic has been demonstrated for S.
Typhimurium, whose SP-1 T3SS provokes an inflammatory response in the infected mam-
malian gut that benefits both SP-1-expressing bacteria and faster growing nonexpressors
(8). The emergence of SP-1 mutants—"cheaters”—limits the success of acute infection (8)
and prevents transmission to and infection of new hosts (37). In contrast, heterogeneous
expression of the SP-1 T3SS by wild-type bacteria maintains a reservoir of genetically
wild-type but phenotypically avirulent individuals that benefit from the shared public
good provided by SP-1-expressing cells, grow rapidly enough to prevent the population
from being overtaken by SP-1-deficient mutants, and retain the ability to express SP-1
T3SS proteins necessary for successful infection and transmission.

In this study, we examined P. aeruginosa, another Gram-negative pathogen that
depends on T3SS-dependent virulence for successful acute lung infection (38). T3SS
effector-mediated activities, particularly those associated with the phospholipase A,
cytotoxin ExoU, can benefit not only coinfecting T3SS-mutant P. aeruginosa (14) but
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even avirulent E. coli XL-1 Blue (39). P. aeruginosa’s expression of T3SS proteins has
been observed to be heterogeneous by multiple investigators, raising the possibility
that P. aeruginosa, like S. Typhimurium, balances the fitness costs and benefits of T3SS
production between phenotypically T3SS-ON and -OFF bacteria. By using single-cell
methods that allowed lineage-tracking of T3SS expression over multiple generations,
we demonstrated that a clonal P. aeruginosa population indeed gave rise to both
T3SS-expressing and -nonexpressing individuals when exposed to a uniform T3SS-acti-
vating signal. Our experiments also unequivocally associated T3SS-expression with a
fitness cost, with longer division times measured for individual T3SS-ON cells than for
T3SS-OFF kin (Fig. 5). We speculate, as have others for Salmonella (36, 37, 40), that
slower growth reflects the metabolic costs associated with expressing the abundant
structural and effector proteins of the T3SS. This contrasts with the behavior of Yersinia
enterocolitica, where phenotypically homogeneous T3SS expression by members of a
population is associated with a rapid yet reversible arrest of cell division (41, 42).

P. aeruginosa cells showed three distinct behaviors when shifted from nonactivating
to activating conditions. Some cells began expressing sfGFP quickly, yielding microcol-
onies that were uniformly T3SS-ON (Fig. 2); others went through one or more divisions
before a daughter cell and her progeny became T3SS-ON, while many more cells
remained T3SS-OFF for the duration of our 6- to 8-h time-lapse experiments. We
hypothesized that the cells that quickly responded to activating signals were “primed”
to do so by virtue of prior expression of the T3SS transcriptional activator ExsA and as-
sembly of a secretion-component type 3 needle (Fig. 1). In this model, the activating
signal would gate open the T3SS needle; ExsE would be secreted; ExsA repression
would be relieved; and T3SS gene expression could proceed. In order to search for
“primed” cells, we constructed a second chromosomal reporter that coupled ExsA tran-
scription and translation with mTagRFP-t expression. It allowed us to identify a subpo-
pulation of bacteria that expressed ExsA when grown in nonactivating conditions and
to demonstrate that these RFP+ cells were uniquely capable of rapid T3SS gene
expression when shifted to activating conditions (Fig. 3). This dual reporter also
allowed us to see de novo expression of ExsA and mTagRFP-t in cells growing under
activating conditions and to measure the delay before T3SS gene expression was
detected, which we found to be ~89 min (Fig. 4). This delay between the detection of
ExsA production and T3SS gene expression may reflect the time required to transcribe,
translate, and assemble a T3SS apparatus; we were not able to develop a method for
visualizing T3SS needles in live cells to test this hypothesis explicitly. This delay is con-
sistent, however, with the disproportionate contribution made by primed cells to the
T3SS-ON population following the shift to activating conditions (Fig. 6).

Although P. aeruginosa and S. Typhimurium (36, 43) demonstrate bimodal expression
of T3SS genes when activated, this is not the case for all pathogens. Enteropathogenic E.
coli (EPEC) exposed to T3SS-activating conditions uniformly upregulates expression of the
Ler master regulator and the T3SS genes under its control (44). When shifted to nonacti-
vating conditions, most EPEC cells stop expressing T3SS genes. A slower-growing subset
of the population maintains a T3SS-ON phenotype for many generations, however, gener-
ating a bimodal population of T3SS-ON and -OFF individuals. This hysteretic switch is
mediated by the per operon, whose proteins (PerABC) are expressed bimodally when
EPEC experiences activating conditions (44). Only per-ON cells maintain T3SS expression
after a shift to nonactivating conditions, resulting in a subset of the population that is
uniquely hypervirulent toward mammalian cells.

Our work demonstrates that heterogeneous expression of ExsA before bacteria are
shifted to activating conditions gives rise to heterogeneous expression of T3SS genes
upon activation. It does not address how ExsA heterogeneity arises and whether this
process is stochastic or regulated (45). The fact that we observe T3SS heterogeneity for
multiple strains of P. aeruginosa, albeit at different ratios of ON versus OFF individuals,
suggests that the many described regulators of ExsA transcription and translation
probably influence the likelihood that a cell will become primed (23); our dual reporter
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system will allow us to test this hypothesis in future experiments. Marsden et al. have
already demonstrated that mutation of the PexsA promoter, which lies directly
upstream of exsA and is activated by the cAMP-responsive regulator Vfr, dramatically
reduces the proportion of bacteria expressing a T3SS GFP transcriptional reporter (16).
More work will be needed to learn whether expression of exsA from this promoter is
required to generate the “primed” phenotype and whether intracellular concentrations
of cAMP can tune the proportion of primed cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains and plasmids used in this study are listed in
Table S1. Escherichia coli was cultured in Luria broth (LB), and Pseudomonas aeruginosa was cultured in
LB or Vogel-Bonner minimal (VBM) medium (46) with antibiotics as required at the following concentra-
tions: gentamicin, 15 ug ml~" for E. coli or 100 ug ml~" for P. aeruginosa; ampicillin, 100 ug ml~" for E.
coli; kanamycin, 50 ug ml~" for E. coli; carbenicillin, 200 ug ml~" for P. aeruginosa; tetracycline, 20 ug
ml~" for E. coli or 100 ug ml~" for P. aeruginosa. All bacterial strains were maintained at —80°C as 15%
(vol/vol) glycerol stocks and were freshly plated to LB or VBM agar prior to each experiment.

To induce T3SS expression, P. aeruginosa was grown in MinS medium (25 mM KH,PO,, 0.1 M NH,Cl,
90mM C,H,0,Na,.6H,0, 50 mM C;H,NO,Na, 2.5% [vol/vol] glycerol, 5mM MgSO,, 18 uM FeSO,.7H,0)
plus 10 mM nitriloacetate (NTA) at 37°C with aeration. To suppress T3SS expression in minimal medium,
P. aeruginosa was grown in MinS medium plus 5 mM CaCl, at 37°C with aeration (33).

Plasmid and strain construction. PA14 deletion mutants for exsA and exsD were constructed as pre-
viously described (47, 48). Briefly, primers were designed to amplify ~1-kb regions flanking the genes of
interest; these fragments were joined by overlap extension PCR (Table S2). This knockout (KO) allele was
integrated into the Gateway-adapted pDONRX plasmid (49), and the construction was confirmed by
Sanger sequencing (Keck Sequencing Facility, Yale). Biparental mating was carried out on low-salt LB
agar plates (containing 5 g/liter NaCl), and merodiploids were selected on VBM-gentamicin plates.
Counterselection on VBM plates containing 10% (wt/vol) sucrose allowed identification of recombina-
tion events that led to plasmid backbone loss; these were screened by PCR to identify AexsA and AexsD
clones.

An exsA-RBS-mTagRFP-t-exsD construct was designed to couple mTagRFP-t (50) transcription and
translation with that of ExsA. The exsD promoter, which is embedded within the exsA gene, was recon-
structed 3’ to mTagRFP-t. This cassette was synthesized by Genewiz and amplified with attB7 and attB2
site-containing flanking primers and cloned into pDONRX. Biparental mating and Sanger sequencing
confirmation were performed as described.

The P, -superfolder GFP (sfGFP) reporter was constructed by PCR amplifying the exoT promoter
region (51) from PA14 genomic DNA with primers PexoT-F and PexoT-R and cloning it in place of the
exoU promoter in the previously described P, -sfGFP reporter (14). The construct was integrated into
the P. aeruginosa chromosome at the attB site in the strains listed in Table S1. Vector backbone sequen-
ces were excised as previously described (52). Chemically competent E. coli DH5« (Invitrogen) was used
for transformations and plasmid purification, and S17.1 (53) was use for mating with P. aeruginosa.

Flow cytometry. Single bacterial colonies carrying the P, -sfGFP reporter were inoculated into LB
and grown overnight with aeration at 37°C, rinsed with MinS, and subcultured into MinS + 10 mM NTA
to induce T3SS expression. Culture aliquots were sampled at 16 h and 24 h postinduction and processed
for flow cytometry as previously described (14). Briefly, cells fixed with 1% paraformaldehyde were ana-
lyzed for GFP emission at 530 nm using an LSRII flow cytometer (BD Biosciences). Bacteria were identified
by side scatter. At least 70,000 events were analyzed using FlowJo (v. 9.7.1) software to determine P, -
sfGFP expression. GFP-positive and -negative gates were set using PA103AexsA PexoU-sfGFP so that the
mean fluorescence intensity of events scored as GFP-positive exceeded that observed for 99% of AexsA
bacteria.

Fluorescence microscopy and time point/time-lapse imaging. For time point experiments, single
bacterial colonies were inoculated into LB, grown overnight with aeration at 37°C, rinsed with MinS, and
subcultured into MinS + 10 mM NTA or MinS + 5 mM CaCl,. Pads of 1% (wt/vol) gellan gum were made
by pipetting 200 ul between two glass slides separated by several tape layers. At hours 0, 4, 8, and 12, 2
ul of subculture was pipetted onto pads and sealed with a coverslip and clear nail polish prior to image
acquisition.

For time-lapse experiments, single bacterial colonies were inoculated into LB, grown overnight with
aeration at 37°C, and then subcultured 1:30 into MinS + 5 mM CaCl, medium. MinS + 10 mM NTA 1.5%
(wt/vol) agarose pads were prepared as previously described (54). Briefly, 0.15 g of low-melt agarose
was slowly melted in 10 ml of MinS + 10 mM NTA medium. One ml of mixture was sandwiched between
22-mm? coverslips and allowed to dry for at least 1 h. At an optical density at 600 nm (ODy,,) of ~0.4 to
0.6, 500 ul of subculture was pelleted, washed with 500 ul MinS-only medium, and then diluted to an
ODyy, Of 0.01. Then, 2 ul of the diluted culture was spotted onto MinS + 10 mM NTA agarose pads,
which were left to dry at room temperature for 15 to 20 min. The pads were then flipped onto Mattek
35 mm uncoated glass bottom dishes (no. 1.5 coverslip, 20 mm diameter), and imaging was initiated af-
ter ~15 min microscopy setup.

Fluorescence microscopy was performed with a Nikon Eclipse Ti microscope equipped with a phase-
contrast Nikon Plan Apo A 100x/NA 1.45 oil objective and Lumencor SOLA SE light engine. Images were
captured with an Andor Zyla VSC-01400 camera in black and white, false-colored, and superimposed
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using NIS Elements (version 4.50) software. GFP channel images were captured using the Chroma
enhanced GFP (eGFP) single-band filter set for an exposure time of 3 s, and RFP channel images were
captured with the Chroma mCherry, TexasRed filter set for an exposure time of 2's, both with the ND8 fil-
ter engaged. Early time point exposures were set at 10's for both GFP and RFP channels.

Image processing and data analysis. A customized semiautomated pipeline was used to analyze
raw microscopy images. First, images containing single colonies were saved as .TIF files in Fiji (55); for
each colony, individual cells were segmented and tracked in a modified version of Oufti (56, 57) based
on the phase-contrast channel, with manual user supervision. A series of custom routines, available at
https://github.com/caseygrun/oufti in MATLAB2018 (Mathworks, Natick, MA), were then used to calcu-
late the mean fluorescence intensity (MFI) and cell division time. For each cell at each time frame, MFI
was calculated by averaging the raw per-pixel fluorescence intensity over the specific cell's mask and
subtracting the background fluorescence level. To classify cells as ON or OFF, MFls were calculated for
both positive (AexsD) and negative (AexsA) controls as described. For each of these two populations, a
Gaussian distribution was fitted using a maximum likelihood estimator of mean (u) and standard devia-
tion (o). A decision boundary, defined as the intensity x*, was defined as the intensity where an MFI
would be equally likely to be drawn from either control, i.e., where the likelihood ratio L was 1:

AexsA

B
~ (" ~Paexsn)”
O'AestCXP( : 202 o) >

T sexsD

O AexsDEXP <*(X2;£“Aem)“>
L(x*) = =1

Upper and lower confidence intervals for x* were formed by using the respective 5% and 95% proba-
bility thresholds based on the x? P value derived from the likelihood ratio test statistic, A = —2log L. The
decision boundary was calculated independently for each time point and applied to colonies to classify
them as ON, OFF, or mixed, based on the percentage of cells falling above or below the threshold.
Intensity was adjusted for microscope settings based on an internal calibration as necessary for each
experiment.

To track individual cells” behavior, MFI trajectories were then generated by following cell lineages
within individual colonies and considering their MFI trajectories in time. Division time was calculated by
counting the number of frames between a cell’s first and last appearance, inclusive; cells that appeared
in the first frame of the movie were discarded. To characterize the dynamics of individual cell trajecto-
ries, change point analysis (findchangepts MATLAB function) was applied to locate the time point such
that the signal had the most stable (i.e., lowest square error) slope and mean before and after (58). We
applied this routine to both GFP and RFP signals to extract timescales for individual cell fluorescence tra-
jectories and compared these timescales on a cell-ensemble level to calculate the delay between exsA
and exsD expression. All plots were generated either directly in MATLAB or from data sets exported to
Prism GraphPad 7.

Fluorescent protein maturation time estimation. The sfGFP gene was amplified from the
miniCTX2-P,,,,-sfGFP plasmid (14), and the mTagRFP-t gene was amplified from pUC57/exsA-RBS-
mTagRFP-t (Tables S1 and S2). Both amplicons included the associated RBS and were digested with
EcoRI and Hindlll and then ligated into pMMB67EH (59) with T4 ligase. The ligation reaction was trans-
formed into chemically competent DH5a and grown on LB plates with ampicillin (100 ug ml~"). DH5«
was grown overnight in Luria broth supplemented with 24 g yeast extract (LB24) (60) to increase plas-
mid yield. The purified plasmid was transformed into chemically competent PA14 and selected for on LB
plates with carbenicillin (200 g ml™").

PA14 carrying pMMB-sfGFP or -mTagRFP-t was cultured in LB24 plus 200 ug ml~" carbenicillin (at
37°C, 225 rpm), subcultured 1:100 into M9 plus 1% CAA (Casamino Acids) with 150 ug ml~" carbenicillin,
dispensed into a 96-well black plate with flat-bottom clear wells (200 wl/well), and incubated at 37°Cin a
Tecan Infinite M200 plate reader (12 wells/condition). Absorbance (OD,,) and fluorescence (Ex/Em)
were measured at 2- to 5-min intervals before and after the addition of IPTG (isopropyl- 3-b-thiogalacto-
pyranoside; final concentration, 0.5 mM) at early log phase to induce fluorophore expression. After 2 to
3 h, protein synthesis was inhibited in a subset of wells by the addition of chloramphenicol (Cm; final
concentration, 500 wM). Background fluorescence was determined from samples grown in the absence
of IPTG.

Maturation times for sfGFP and mTagRFP-t were calculated according to reference 35. Briefly, the flu-
orescence intensity (Fl) at the time of Cm addition was set to 0, and the maximum (100%) FI signal was
set to 1. Fluorescence data between the time of Cm addition and FI signal saturation were fitted using
MATLAB to (y) = a* (1 — exp[—b - x]), where b is the characteristic time constant at normalized 63% Fl,
and 1/b is the maturation time.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
Movie S1, AVl file, 5 MB.
Movie S2, AVI file, 0.3 MB.
Movie S3, AVl file, 5.8 MB.
FIG S1, PDF file, 1.6 MB.
FIG S2, PDF file, 0.1 MB.
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FIG S3, PDF file, 0.3 MB.
FIG S4, PDF file, 0.1 MB.
FIG S5, PDF file, 2.6 MB.
TABLE S1, PDF file, 0.2 MB.
TABLE S2, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

C.K.L. was supported by NIH/NIGMS T32GM007205.

mBio’

We thank Veronica Urdaneta for the construction of pMMB67-mTagRFP-t and
current and past members of the Kazmierczak laboratory for their insightful comments
on the manuscript.

REFERENCES

1.

May/June 2021

Avery SV. 2006. Microbial cell individuality and the underlying sources
of heterogeneity. Nat Rev Microbiol 4:577-587. https://doi.org/10
.1038/nrmicro1460.

. Dubnau D, Losick R. 2006. Bistability in bacteria. Mol Microbiol 61:564-572.

https://doi.org/10.1111/j.1365-2958.2006.05249.x.

. Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. 2004. Bacterial persist-

ence as a phenotypic switch. Science 305:1622-1625. https://doi.org/10
.1126/science.1099390.

. West SA, Griffin AS, Gardner A, Diggle SP. 2006. Social evolution theory

for microorganisms. Nat Rev Microbiol 4:597-607. https://doi.org/10
.1038/nrmicro1461.

. Ackermann M, Stecher B, Freed NE, Songhet P, Hardt WD, Doebeli M.

2008. Self-destructive cooperation mediated by phenotypic noise. Nature
454:987-990. https://doi.org/10.1038/nature07067.

. Raymond B, West SA, Griffin AS, Bonsall MB. 2012. The dynamics of coop-

erative bacterial virulence in the field. Science 337:85-88. https://doi.org/
10.1126/science.1218196.

. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M, Kremer M,

Chaffron S, Macpherson AJ, Buer J, Parkhill J, Dougan G, von Mering C,
Hardt WD. 2007. Salmonella enterica serovar Typhimurium exploits inflam-
mation to compete with the intestinal microbiota. PLoS Biol 5:2177-2189.
https://doi.org/10.1371/journal.pbio.0050244.

. Diard M, Garcia V, Maier L, Remus-Emsermann MN, Regoes RR,

Ackermann M, Hardt WD. 2013. Stabilization of cooperative virulence by
the expression of an avirulent phenotype. Nature 494:353-356. https://
doi.org/10.1038/nature11913.

. Diard M, Hardt WD. 2017. Basic processes in Salmonella-host interactions:

within-host evolution and the transmission of the virulent genotype. Micro-
biol Spectr 5. https://doi.org/10.1128/microbiolspec.MTBP-0012-2016.

. Hauser AR, Cobb E, Bodi M, Mariscal D, Valles J, Engel JN, Rello J. 2002.

Type Il protein secretion is associated with poor clinical outcomes in
patients with ventilator-associated pneumonia caused by Pseudomonas
aeruginosa. Crit Care Med 30:521-528. https://doi.org/10.1097/00003246
-200203000-00005.

. Le Berre R, Nguyen S, Nowak E, Kipnis E, Pierre M, Quenee L, Ader F,

Lancel S, Courcol R, Guery BP, Faure K, Pyopneumagen Group. 2011. Rela-
tive contribution of three main virulence factors in Pseudomonas aerugi-
nosa pneumonia. Crit Care Med 39:2113-2120. https://doi.org/10.1097/
CCM.0b013e31821e899f.

. Roy-Burman A, Savel RH, Racine S, Swanson BL, Revadigar NS, Fujimoto J,

Sawa T, Frank DW, Wiener-Kronish JP. 2001. Type Il protein secretion is asso-
ciated with death in lower respiratory and systemic Pseudomonas aeruginosa
infections. J Infect Dis 183:1767-1774. https://doi.org/10.1086/320737.

. Broder UN, Jaeger T, Jenal U. 2016. LadS is a calcium-responsive kinase that

induces acute-to-chronic virulence switch in Pseudomonas aeruginosa. Nat
Microbiol 2:16184. https://doi.org/10.1038/nmicrobiol.2016.184.

. Czechowska K, McKeithen-Mead S, Al Moussawi K, Kazmierczak Bl. 2014.

Cheating by type 3 secretion system-negative Pseudomonas aeruginosa
during pulmonary infection. Proc Natl Acad Sci U S A 111:7801-7806.
https://doi.org/10.1073/pnas.1400782111.

. Kroken AR, Chen CK, Evans DJ, Yahr TL, Fleiszig SMJ. 2018. The impact of

ExoS on Pseudomonas aeruginosa internalization by epithelial cells is in-
dependent of fleQ and correlates with bistability of type three secretion
system gene expression. mBio 9:e00668-18. https://doi.org/10.1128/mBio
.00668-18.

Volume 12 Issue3 e00831-21

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Marsden AE, Intile PJ, Schulmeyer KH, Simmons-Patterson ER, Urbanowski

ML, Wolfgang MC, Yahr TL. 2016. Vfr directly activates exsA transcription to
regulate expression of the Pseudomonas aeruginosa type lll secretion sys-
tem. J Bacteriol 198:1442-1450. https://doi.org/10.1128/JB.00049-16.

. Rietsch A, Mekalanos JJ. 2006. Metabolic regulation of type Il secretion

gene expression in Pseudomonas aeruginosa. Mol Microbiol 59:807-820.
https://doi.org/10.1111/j.1365-2958.2005.04990.X.

. Urbanowski ML, Lykken GL, Yahr TL. 2005. A secreted regulatory protein

couples transcription to the secretory activity of the Pseudomonas aerugi-
nosa type Il secretion system. Proc Natl Acad Sci U S A 102:9930-9935.
https://doi.org/10.1073/pnas.0504405102.

. Jeon J, Kim YJ, Shin H, Ha UH. 2017. T3SS effector ExoY reduces inflamma-

some-related responses by suppressing bacterial motility and delaying
activation of NF-kappaB and caspase-1. FEBS J 284:3392-3403. https://doi
.0rg/10.1111/febs.14199.

Lee VT, Smith RS, Tummler B, Lory S. 2005. Activities of Pseudomonas aer-
uginosa effectors secreted by the type Il secretion system in vitro and
during infection. Infect Immun 73:1695-1705. https://doi.org/10.1128/IAl
.73.3.1695-1705.2005.

Shafikhani SH, Engel J. 2006. Pseudomonas aeruginosa type lll-secreted
toxin ExoT inhibits host-cell division by targeting cytokinesis at multiple
steps. Proc Natl Acad Sci U S A 103:15605-15610. https://doi.org/10.1073/
pnas.0605949103.

Howell HA, Logan LK, Hauser AR. 2013. Type lll secretion of ExoU is critical
during early Pseudomonas aeruginosa pneumonia. mBio 4:e00032-13.
https://doi.org/10.1128/mBi0.00032-13.

Williams McMackin EA, Djapgne L, Corley JM, Yahr TL. 2019. Fitting pieces
into the puzzle of Pseudomonas aeruginosa type lll secretion system gene
expression. J Bacteriol 201:00209-19. https://doi.org/10.1128/JB.00209-19.
Brutinel ED, Vakulskas CA, Brady KM, Yahr TL. 2008. Characterization of
ExsA and of ExsA-dependent promoters required for expression of the
Pseudomonas aeruginosa type Ill secretion system. Mol Microbiol
68:657-671. https://doi.org/10.1111/j.1365-2958.2008.06179.x.

Brutinel ED, Vakulskas CA, Yahr TL. 2009. Functional domains of ExsA, the
transcriptional activator of the Pseudomonas aeruginosa type Ill secretion
system. J Bacteriol 191:3811-3821. https://doi.org/10.1128/JB.00002-09.
Marsden AE, Schubot FD, Yahr TL. 2014. Self-association is required for
occupation of adjacent binding sites in Pseudomonas aeruginosa type |l
secretion system promoters. J Bacteriol 196:3546-3555. https://doi.org/
10.1128/JB.01969-14.

Fuchs EL, Brutinel ED, Jones AK, Fulcher NB, Urbanowski ML, Yahr TL,
Wolfgang MC. 2010. The Pseudomonas aeruginosa Vfr regulator controls
global virulence factor expression through cyclic AMP-dependent and
-independent mechanisms. J Bacteriol 192:3553-3564. https://doi.org/10
.1128/JB.00363-10.

Brutinel ED, Vakulskas CA, Yahr TL. 2010. ExsD inhibits expression of the
Pseudomonas aeruginosa type lll secretion system by disrupting ExsA self-
association and DNA binding activity. J Bacteriol 192:1479-1486. https://
doi.org/10.1128/JB.01457-09.

Rietsch A, Vallet-Gely |, Dove SL, Mekalanos JJ. 2005. ExsE, a secreted reg-
ulator of type Il secretion genes in Pseudomonas aeruginosa. Proc Natl
Acad Sci U S A 102:8006-8011. https://doi.org/10.1073/pnas.0503005102.
Zheng Z, Chen G, Joshi S, Brutinel ED, Yahr TL, Chen L. 2007. Biochemical
characterization of a regulatory cascade controlling transcription of the

mbio.asm.org 14


https://doi.org/10.1038/nrmicro1460
https://doi.org/10.1038/nrmicro1460
https://doi.org/10.1111/j.1365-2958.2006.05249.x
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1038/nrmicro1461
https://doi.org/10.1038/nrmicro1461
https://doi.org/10.1038/nature07067
https://doi.org/10.1126/science.1218196
https://doi.org/10.1126/science.1218196
https://doi.org/10.1371/journal.pbio.0050244
https://doi.org/10.1038/nature11913
https://doi.org/10.1038/nature11913
https://doi.org/10.1128/microbiolspec.MTBP-0012-2016
https://doi.org/10.1097/00003246-200203000-00005
https://doi.org/10.1097/00003246-200203000-00005
https://doi.org/10.1097/CCM.0b013e31821e899f
https://doi.org/10.1097/CCM.0b013e31821e899f
https://doi.org/10.1086/320737
https://doi.org/10.1038/nmicrobiol.2016.184
https://doi.org/10.1073/pnas.1400782111
https://doi.org/10.1128/mBio.00668-18
https://doi.org/10.1128/mBio.00668-18
https://doi.org/10.1128/JB.00049-16
https://doi.org/10.1111/j.1365-2958.2005.04990.x
https://doi.org/10.1073/pnas.0504405102
https://doi.org/10.1111/febs.14199
https://doi.org/10.1111/febs.14199
https://doi.org/10.1128/IAI.73.3.1695-1705.2005
https://doi.org/10.1128/IAI.73.3.1695-1705.2005
https://doi.org/10.1073/pnas.0605949103
https://doi.org/10.1073/pnas.0605949103
https://doi.org/10.1128/mBio.00032-13
https://doi.org/10.1128/JB.00209-19
https://doi.org/10.1111/j.1365-2958.2008.06179.x
https://doi.org/10.1128/JB.00002-09
https://doi.org/10.1128/JB.01969-14
https://doi.org/10.1128/JB.01969-14
https://doi.org/10.1128/JB.00363-10
https://doi.org/10.1128/JB.00363-10
https://doi.org/10.1128/JB.01457-09
https://doi.org/10.1128/JB.01457-09
https://doi.org/10.1073/pnas.0503005102
https://mbio.asm.org

Phenotypic Heterogeneity of T3SS in P. aeruginosa

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

May/June 2021

Pseudomonas aeruginosa type Il secretion system. J Biol Chem
282:6136-6142. https://doi.org/10.1074/jbc.M611664200.

Shopera T, Henson WR, Ng A, Lee YJ, Ng K, Moon TS. 2015. Robust, tuna-
ble genetic memory from protein sequestration combined with positive
feedback. Nucleic Acids Res 43:9086-9094. https://doi.org/10.1093/nar/
gkv936.

Laskowski MA, Osborn E, Kazmierczak Bl. 2004. A novel sensor kinase-
response regulator hybrid regulates type Il secretion and is required for
virulence in Pseudomonas aeruginosa. Mol Microbiol 54:1090-1103.
https://doi.org/10.1111/j.1365-2958.2004.04331 x.

Nicas TI, Iglewski BH. 1985. The contribution of exoproducts to virulence
of Pseudomonas aeruginosa. Can J Microbiol 31:387-392. https://doi.org/
10.1139/m85-074.

Balleza E, Kim JM, Cluzel P. 2018. Systematic characterization of matura-
tion time of fluorescent proteins in living cells. Nat Methods 15:47-51.
https://doi.org/10.1038/nmeth.4509.

Hebisch E, Knebel J, Landsberg J, Frey E, Leisner M. 2013. High variation of
fluorescence protein maturation times in closely related Escherichia coli
strains. PLoS One 8:¢75991. https://doi.org/10.1371/journal.pone.0075991.
Sturm A, Heinemann M, Arnoldini M, Benecke A, Ackermann M, Benz M,
Dormann J, Hardt WD. 2011. The cost of virulence: retarded growth of Sal-
monella Typhimurium cells expressing type Ill secretion system 1. PLoS
Pathog 7:€1002143. https://doi.org/10.1371/journal.ppat.1002143.

Diard M, Sellin ME, Dolowschiak T, Arnoldini M, Ackermann M, Hardt WD.
2014. Antibiotic treatment selects for cooperative virulence of Salmonella
Typhimurium. Curr Biol 24:2000-2005. https://doi.org/10.1016/j.cub.2014
.07.028.

Hauser AR. 2009. The type Ill secretion system of Pseudomonas aerugi-
nosa: infection by injection. Nat Rev Microbiol 7:654-665. https://doi.org/
10.1038/nrmicro2199.

Diaz MH, Shaver CM, King JD, Musunuri S, Kazzaz JA, Hauser AR. 2008. Pseu-
domonas aeruginosa induces localized immunosuppression during pneu-
monia. Infect Immun 76:4414-4421. https://doi.org/10.1128/IA1.00012-08.
Arnoldini M, Vizcarra IA, Pena-Miller R, Stocker N, Diard M, Vogel V,
Beardmore RE, Hardt WD, Ackermann M. 2014. Bistable expression of viru-
lence genes in Salmonella leads to the formation of an antibiotic-tolerant
subpopulation. PLoS Biol 12:e1001928. https://doi.org/10.1371/journal.pbio
.1001928.

Wiley D, Rosqvist R, Schesser K. 2007. Induction of the Yersinia type 3
secretion system as an all-or-none phenomenon. J Mol Biol 373:27-37.
https://doi.org/10.1016/j.jmb.2007.07.077.

Milne-Davis B, Helbig C, Wimmi S, Cheng DWC, Paczia N, Diepold A. 2019.
Life after secretion: Yersinia enterocolitica rapidly toggles effector secre-
tion and can resume cell division in response to changing external condi-
tions. Front Microbiol 10:2128. https://doi.org/10.3389/fmicb.2019.02128.
Hautefort I, Proenca MJ, Hinton JCD. 2003. Single-copy green fluorescent
protein gene fusions allow accurate measurement of Salmonella gene
expression in vitro and during infection of mammalian cells. Appl Environ
Microbiol 69:7480-7491. https://doi.org/10.1128/aem.69.12.7480-7491.2003.
Ronin |, Katsowich N, Rosenshine |, Balaban NQ. 2017. A long-term epige-
netic memory switch controls bacterial virulence bimodality. Elife 6:
€19599. https://doi.org/10.7554/eLife.19599.

Fraser D, Kaern M. 2009. A chance at survival: gene expression noise and
phenotypic diversification strategies. Mol Microbiol 71:1333-1340.
https://doi.org/10.1111/j.1365-2958.2009.06605.x.

Vogel HJ, Bonner DM. 1956. Acetylornithinase of Escherichia coli: partial
purification and some properties. J Biol Chem 218:97-106. https://doi
.org/10.1016/50021-9258(18)65874-0.

Volume 12 Issue3 e00831-21

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

mBio’

Hmelo LR, Borlee BR, Almblad H, Love ME, Randall TE, Tseng BS, Lin C, Irie
Y, Storek KM, Yang JJ, Siehnel RJ, Howell PL, Singh PK, Tolker-Nielsen T,
Parsek MR, Schweizer HP, Harrison JJ. 2015. Precision-engineering the
Pseudomonas aeruginosa genome with two-step allelic exchange. Nat
Protoc 10:1820-1841. https://doi.org/10.1038/nprot.2015.115.
Schniederberend M, Johnston JF, Shine E, Shen C, Jain R, Emonet T,
Kazmierczak Bl. 2019. Modulation of flagellar rotation in surface-attached
bacteria: a circuit for rapid surface-sensing. bioRxiv https://doi.org/10
.1101/567438:567438.

Fulcher NB, Holliday PM, Klem E, Cann MJ, Wolfgang MC. 2010. The Pseu-
domonas aeruginosa Chp chemosensory system regulates intracellular
cAMP levels by modulating adenylate cyclase activity. Mol Microbiol
76:889-904. https://doi.org/10.1111/j.1365-2958.2010.07135.x.

Shaner NC, Lin MZ, McKeown MR, Steinbach PA, Hazelwood KL, Davidson
MW, Tsien RY. 2008. Improving the photostability of bright monomeric
orange and red fluorescent proteins. Nat Methods 5:545-551. https://doi
.0rg/10.1038/nmeth.1209.

King JM, Brutinel ED, Marsden AE, Schubot FD, Yahr TL. 2012. Orientation
of Pseudomonas aeruginosa ExsA monomers bound to promoter DNA
and base-specific contacts with the P(exoT) promoter. J Bacteriol
194:2573-2585. https://doi.org/10.1128/JB.00107-12.

Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP. 1998. A
broad-host-range Flp-FRT recombination system for site-specific excision
of chromosomally-located DNA sequences: application for isolation of
unmarked Pseudomonas aeruginosa mutants. Gene 212:77-86. https://doi
.org/10.1016/50378-1119(98)00130-9.

Schweizer HP. 1992. Allelic exchange in Pseudomonas aeruginosa using
novel ColE1-type vectors and a family of cassettes containing a portable
oriT and the counter-selectable Bacillus subtilis sacB marker. Mol Micro-
biol 6:1195-1204. https://doi.org/10.1111/j.1365-2958.1992.tb01558.x.
Young JW, Locke JC, Altinok A, Rosenfeld N, Bacarian T, Swain PS,
Mjolsness E, Elowitz MB. 2011. Measuring single-cell gene expression dy-
namics in bacteria using fluorescence time-lapse microscopy. Nat Protoc
7:80-88. https://doi.org/10.1038/nprot.2011.432.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ,
Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-
source platform for biological-image analysis. Nat Methods 9:676-682.
https://doi.org/10.1038/nmeth.2019.

Paintdakhi A, Parry B, Campos M, Irnov |, EIf J, Surovtsev |, Jacobs-Wagner
C. 2016. Oufti: an integrated software package for high-accuracy, high-
throughput quantitative microscopy analysis. Mol Microbiol 99:767-777.
https://doi.org/10.1111/mmi.13264.

Sliusarenko O, Heinritz J, Emonet T, Jacobs-Wagner C. 2011. High-through-
put, subpixel precision analysis of bacterial morphogenesis and intracellular
spatio-temporal dynamics. Mol Microbiol 80:612-627. https://doi.org/10
.1111/j.1365-2958.2011.07579 x.

Watkins LP, Yang H. 2005. Detection of intensity change points in time-
resolved single-molecule measurements. J Phys Chem B 109:617-628.
https://doi.org/10.1021/jp0467548.

Furste JP, Pansegrau W, Frank R, Blocker H, Scholz P, Bagdasarian M,
Lanka E. 1986. Molecular cloning of the plasmid RP4 primase region in a
multi-host-range tacP expression vector. Gene 48:119-131. https://doi
.0rg/10.1016/0378-1119(86)90358-6.

Wood WN, Smith KD, Ream JA, Lewis LK. 2017. Enhancing yields of low
and single copy number plasmid DNAs from Escherichia coli cells. J Micro-
biol Methods 133:46-51. https://doi.org/10.1016/j.mimet.2016.125.016.

mbio.asm.org 15


https://doi.org/10.1074/jbc.M611664200
https://doi.org/10.1093/nar/gkv936
https://doi.org/10.1093/nar/gkv936
https://doi.org/10.1111/j.1365-2958.2004.04331.x
https://doi.org/10.1139/m85-074
https://doi.org/10.1139/m85-074
https://doi.org/10.1038/nmeth.4509
https://doi.org/10.1371/journal.pone.0075991
https://doi.org/10.1371/journal.ppat.1002143
https://doi.org/10.1016/j.cub.2014.07.028
https://doi.org/10.1016/j.cub.2014.07.028
https://doi.org/10.1038/nrmicro2199
https://doi.org/10.1038/nrmicro2199
https://doi.org/10.1128/IAI.00012-08
https://doi.org/10.1371/journal.pbio.1001928
https://doi.org/10.1371/journal.pbio.1001928
https://doi.org/10.1016/j.jmb.2007.07.077
https://doi.org/10.3389/fmicb.2019.02128
https://doi.org/10.1128/aem.69.12.7480-7491.2003
https://doi.org/10.7554/eLife.19599
https://doi.org/10.1111/j.1365-2958.2009.06605.x
https://doi.org/10.1016/S0021-9258(18)65874-0
https://doi.org/10.1016/S0021-9258(18)65874-0
https://doi.org/10.1038/nprot.2015.115
https://doi.org/10.1101/567438:567438
https://doi.org/10.1101/567438:567438
https://doi.org/10.1111/j.1365-2958.2010.07135.x
https://doi.org/10.1038/nmeth.1209
https://doi.org/10.1038/nmeth.1209
https://doi.org/10.1128/JB.00107-12
https://doi.org/10.1016/s0378-1119(98)00130-9
https://doi.org/10.1016/s0378-1119(98)00130-9
https://doi.org/10.1111/j.1365-2958.1992.tb01558.x
https://doi.org/10.1038/nprot.2011.432
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1111/mmi.13264
https://doi.org/10.1111/j.1365-2958.2011.07579.x
https://doi.org/10.1111/j.1365-2958.2011.07579.x
https://doi.org/10.1021/jp0467548
https://doi.org/10.1016/0378-1119(86)90358-6
https://doi.org/10.1016/0378-1119(86)90358-6
https://doi.org/10.1016/j.mimet.2016.12s.016
https://mbio.asm.org

	RESULTS
	P. aeruginosa exhibits phenotypic heterogeneity of T3SS expression during planktonic growth in T3SS-activating conditions.
	ON microcolonies are derived from “primed” mother cells.
	ExsA expression in individual cells is temporally linked with the switch from the T3SS-OFF to T3SS-ON state.
	T3SS-expressing cells divide more slowly.
	The majority of T3SS-expressing cells arise from primed cells.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Plasmid and strain construction.
	Flow cytometry.
	Fluorescence microscopy and time point/time-lapse imaging.
	Image processing and data analysis.
	Fluorescent protein maturation time estimation.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

